




3.5 Low Velocity Impact Response 

To evaluate material impact damage tolerance, needled and non-needled samples were subjected 

to LVI testing [30].  16 plies of T300 were laid up with three plies of aramid supply.  Laminates 

were needle-processed at five directions relative to the XY laminate plane: 90°, ± 45° in the X-

direction, and ± 45° in the Y-direction.  Needling at 45° angles is intended to improve the 

laminate’s resistance to interlaminar shear.  

An overlay of all LVI force-displacement histories is shown in Figure 10.  Few differences are 

apparent between needled and non-needled impacts, except for a possible slight increase in the 

initial stiffness in the 1.5 to 3 mm range of the loading portion of the curve.  Overall, the impact 

response of this material system does not appear to be significantly affected by needle-

processing.  Maximum force and displacement are summarized in Table 3.  Needling decreased 

the average peak force value by 2.6%, while peak displacement decreased by 0.5%.   

 

 

Figure 10.  Force vs. displacement history showing low-velocity impact response. 

 

 

Table 3.  Summary of maximum force and displacement of carbon composites under low-

velocity impact. 

 

Condition Fmax (kN) STDEV 

Change vs. 

Control 

(%) 

dispmax 

(mm) 
STDEV 

Change vs. 

Control 

(%) 

Control - 0 Perfs/cm2 4.7 0.1 --- 7.8 0.1 --- 

Needled - 85 Perfs/cm2 

at 90/±45° 
4.6 0.1 -2.6 7.7 0.1 -0.5 



 

3.6 Non-Destructive Evaluation 

To quantify the extent of damage caused by LVI, samples were non-destructively evaluated 

using through-transmission C-scans.  Samples were scanned pre- and post-impact to track the 

progression of damage resulting from impact testing.  C-scans were analyzed using ImageJ 

software [31] to quantify the total damage area present.  A 1.4% decrease in total damage area 

was observed in the needled samples (Figure 11).  A slight difference in the general shape of the 

damage zones between the two processing conditions is seen in Figure 12.  This could possibly 

indicate that the z-fiber bundles are changing the way the impact energy is dissipated in the 

material, restricting damage from propagating locally and forcing it to travel a longer distance 

along the primary tows.  Damage area results are summarized in Table 4.   

 

 

Figure 11.  Comparison of low-velocity impact damage areas. 
 

Table 4.  Summary of damage areas resulting from low-velocity impact. 
 

Condition 

Average Damage 

Area (in2) STDEV 

Change vs. 

Control (%) 

Control – 0 perfs/cm2 0.85 0.07 --- 

Needled - 85 Perf/cm2 at 90/±45° 0.86 0.03 1.4 
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Figure 12.  C-scan images of carbon fiber composites subjected to low-velocity impact. 
 

3.7 Compression After Impact Response 

After being subjected to LVI, samples underwent CAI testing [32] to determine their ultimate 

residual compressive strength.  Figure 13 compares the residual compressive strengths of 

needled and non-needled samples.  The needled samples show a remarkable 18% improvement 

in residual compressive strength versus the non-needled control.  This is most likely due to the 

presence of ±45° TTR, which provides local buckling stability for the individual layers of 

damaged fabric. The tendency of the impact damage to propagate along the primary tows instead 

of the surrounding material is also a possible reason for the increase in compression strength 

(Figure 12).  CAI results are summarized in Table 5. 



 
 

Figure 13.  Comparison of compression after impact ultimate residual compressive strength. 

 

Table 5.  Summary of compression after impact ultimate residual compressive strength. 

 

Condition Avg. FCAI (MPa) STDEV Change vs. Control (%) 

Control - 0 perfs/cm2 -137.9 6.6 --- 

Needled - 85 perfs/cm2 -162.4 5.6 18 

 

4. CONCLUSIONS 

4.1 Effects on Material Strength 

In this work, needle-processing was shown to have varied effects on the mechanical properties of 

carbon fiber/epoxy laminates.  Tensile strength was reduced by 1.2% to 11.5% with increasing 

perforations orthogonal to the laminate plane.  Compression strength was only slightly affected, 

being reduced by 6.1% at 25 perforations/cm2, but only falling by 0.3% and 1.2% at 50 and 75 

perforations/cm2, respectively.  Low-velocity impact testing showed only a slightly different 

response between the materials, with samples needled at multiple angles experiencing a 2.6% 

lower peak load with and 0.5% difference in peak displacement.  The most encouraging finding 

was that needle-processing was shown to enhance the compression after impact ultimate residual 

compressive strength of the carbon fabric/epoxy laminates by 18% at 85 perforations/cm2. 

4.2 Effects on Delamination/Damage Propagation 

Multi-angle needle processing was found to have very little effect on total damage area resulting 

from low-velocity impact.  Analysis of C-scan images showed a 1.4% increase in total damage 

area for needled samples.  The damage areas for needled and non-needled samples varied 

slightly, indicating a possible alteration of the failure mechanism and/or energy dissipation 

characteristics resulting from the placement of the needled z-fiber architecture.  CLC 
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compression samples also showed different failure characteristics, with higher perforation 

densities appearing to confine damage and reduce the occurrence of buckling failures. 

4.3 Future Work 

This work represents a preliminary investigation into needled carbon composites, and many 

opportunities exist for further study.  Aramid is the only TTR supply material investigated thus 

far, and a multitude of different supply materials exist which could possibly be used.  In the 

interest of further expanding the applications of this emerging technology, there is a great 

interest in developing the capability to needle prepregs.  LVI and CAI testing of samples needled 

at 90° and ±45° would enable researchers to quantify the influence of differently-angled TTR 

fibers on material strength and durability.  LVI and CAI data for materials needled at 90° would 

also be more readily compared to the tension and compression results already presented.  

Expanded exploration of wear-resistant coatings for needles would also be of great benefit. 
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